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Abstract
Background: The complex carbohydrate composition of natural and refined plant material is not
known in detail but a matter that is of both basic and applied importance. Qualitative assessment
of complex samples like plant and wood tissues requires the availability of a range of specific probes.
Monoclonal antibodies and naturally existing carbohydrate binding modules (CBMs) have been used
in the past to assess the presence of certain carbohydrates in plant tissues. However, the number
of natural CBMs is limited and development of carbohydrate-specific antibodies is not always
straightforward. We envisage the use of sets of very similar proteins specific for defined targets,
like those developed by molecular evolution of a single CBM scaffold, as a suitable strategy to assess
carbohydrate composition. An advantage of using synthetic CBMs lies in the possibility to study fine
details of carbohydrate composition within non-uniform substrates like plant cell walls as made
possible through minor differences in CBM specificity of the variety of binders that can be
developed by genetic engineering.
Results: A panel of synthetic xylan-binding CBMs, previously selected from a molecular library
based on the scaffold of CBM4-2 from xylanase Xyn10A of Rhodothermus marinus, was used in this
study. The wild type CBM4-2 and evolved modules both showed binding to wood sections.
However, differences were observed in the staining patterns suggesting that these modules have
different xylan-binding properties. Also the staining stability varied between the CBMs, the most
stable staining being obtained with one (X-2) of the synthetic modules. Treatment of wood
materials resulted in altered signal intensities, thereby also demonstrating the potential application
of engineered CBMs as analytical tools for quality assessment of diverse plant material processes.
Conclusion: In this study we have demonstrated the usefulness of synthetic xylan-binding modules
as specific probes in analysis of hemicelluloses (xylan) in wood and fibre materials.
Background
Wood cell walls represent highly complex biocomposites
that consists of repertoires of polysaccharides and lignins
integrated into a three-dimensional conglomerate [1,2].
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BMC Plant Biology 2007, 7:54 http://www.biomedcentral.com/1471-2229/7/54At the microstructural level, wood cell walls are composed
of both primary- and dominating secondary cell wall lay-
ers in which the major (cellulose, lignin and hemicellu-
loses) and minor (pectins, proteins) chemical
components are heterogeneously dispersed and inte-
grated. Understanding the cell wall's complexity is of great
interest both for plant biology and for plant processing in
food and pulp industry.
One of the key main challenges for an improved under-
standing of wood cell wall structure especially, in relation
to properties, is an ability to specifically localise and visu-
alised the spatial distribution of the major polysaccharide
components (cellulose and hemicelluloses) in vivo. In lig-
nified cell walls this is quite challenging since the hemicel-
luloses interface between the cellulose and lignin forming
a heterogeneous polymer complex and it is exacting to
distinguish between the various components in the differ-
ent cell wall layers. Xylan is the dominant hemicellulose
found in hardwoods and depending on species, normally
represents 15–30% of the total dry matter content [3]; the
major component being an O-acetyl-4-O-methylglu-
curono-β-D-xylan referred as glucuronoxylan. In soft-
woods, xylan normally forms 5–10% of the total dry
matter as arabinoglucuronxylan and consists of a back-
bone of 1,4-linked β-D-xylopyranose units, partially sub-
stituted by 4-O-methyl-α-D-glucuronic acid and α-L-
arabinofuranose units [3]. Knowledge on the microdistri-
bution of hemicelluloses (i.e. xylans) within wood cell
walls has come primarily from early gross chemical stud-
ies on sections from cambium layers at different stages of
cell wall differentiation [4], by the application of xyla-
nase-gold complexes to plant cell walls and pulp fibres [5-
7] and by microscope observations after selective xylan
removal [8,9]. More recently monoclonal antibodies spe-
cific for xylans have been successfully used as probes on
plant fibres (flax) and other non-lignified plant materials
[10], but not wood. There has also been great interest to
chemically map and assess the removal and sorption of
xylans onto fibres during kraft pulping processes in order
to develop improved washing and preventive methods
thus improving the technical properties of paper products
[5]. However, apart from these examples very little is
known on the microdistribution of xylans across lignified
wood cell walls.
A plethora of direct (e.g. enzyme-gold) and indirect meth-
ods (e.g. antibodies) have been employed to visualise car-
bohydrates in plant materials by both light- and electron
microscopy [11,12]. Historically, antibodies have been
the markers of choice and a range of monoclonal probes
have been produced for visualising plant cell wall carbo-
hydrates (e.g. xylans, galactans, glucomanans, arabinans
and fucosylated xyloglucan) [10,13,14]. More recently,
several non-catalytic carbohydrate binding modules
(CBMs) have also been reported to show great potential as
specific and versatile markers of carbohydrates in plant
materials [15-19]. CBMs are a group of natural binders
that most often constitute parts of modular glycoside
hydrolysing or modifying enzymes. Based on their
sequences, CBMs are classified into 49 families http://
http:afmb.cnrs-mrs.fr/CAZY/, however, there are large
variations in binding specificities, towards crystalline,
amorphous and soluble polysaccharides, both between
and within the families [20,21]. CBMs represent an attrac-
tive alternative to antibody probes not only because of
their size (e.g. typically < 20 kDa vs ~150 kDa for IgGs)
and intrinsic specificity to individual carbohydrates –
often different regions of the same substrate may be tar-
geted- but also because of their ease of production and
ability for modification with peptides and fluorescent
(e.g. fluorescein isothiocyanate (FITC), tetramethylrhod-
amine isothiocyanate (TRITC)) and gold markers for
microscopy [15-17,22-24]. We have previously developed
methods for detection of cellulose in wood cell walls by
visualising native cellulose-specific CBMs (i.e. CBMPcCel7D,
CBM1HjCel7A) bound to their target in both light- and elec-
tron microscopy [15-17]. Although several natural CBMs
are available for these applications, the numbers are rela-
tively low. It is reasonable to expect that probes showing
superior performance in given applications will be availa-
ble by having a larger population of molecules to choose
from. Combinatorial library and selection technologies
provide a solution to this need. Here we further developed
this approach and report on the application of a range of
engineered xylan-binding CBMs for targeting xylan in
wood (birch and pine) sections and on the surface of
birch kraft pulp fibres. The advantages of using synthetic
CBMs -which is novel for this study- over native CBMs is
related to their molecular properties such as stability and
binding specificity that can be targeted by engineering.
The synthetic xylan-binding CBMs utilised in this work for
in-situ visualisation of xylan in fresh wood sections and
whole fibre materials performed well, clearly demonstrat-
ing their usefulness in studies on plant materials.
Results and discussion
Binding properties of xylan-binding CBMs
The wild type (wt) CBM4-2 from the xylanase Xyn 10A of
Rhodothermis marinus is a type B CBM [20] displaying a
groove-shaped binding site that fits polysaccharide chains
well [25]. This CBM binds not only to xylan but also other
non-crystalline plant carbohydrates [26,27]. In a previous
study, we had constructed a combinatorial library of
CBM4-2 [28] and used the phage-display system to select
for CBM-variants specific for different ligands. The bind-
ing properties of three CBMs, X-2, X-6 and X-13, all
selected using the insoluble part of birch wood xylan as a
selection target were further investigated in this work with
the aim of defining the potential to use such modules inPage 2 of 10
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proteins and a control module unable to bind plant car-
bohydrates are all very similar and they differ from the wt
protein (of 167 residues) by only 4–9 amino acid substi-
tutions (Figure 1). Despite the fact that they originate
from the same selection, these CBMs have different affin-
ities and specificities for a number of tested carbohy-
drates. Affinity electrophoresis demonstrated that the X-6
variant, like wt CBM4-2, binds to a range of carbohydrates
(Figure 2). In contrast, both X-2 and X-13 are substantially
more specific for xylans and do not recognise xyloglucan
or glucan-containing carbohydrates (Figure 2). In addi-
tion, isothermal titration calorimetry studies further con-
firmed that X-2 was much more prone to bind xylans than
any other carbohydrate targets investigated further dem-
onstrating its modified specificity [27]. Relative binding
affinities, determined by affinity electrophoresis, revealed
a decrease in affinity for xylan of X-2 and X-13 and a
somewhat higher affinity for xylan of X-6 compared to the
wt CBM4-2 (Table 1). Altogether we have demonstrated
our access to a range of very sequence-similar CBMs with
diverse binding properties that can be used as a utility in
analysis of the carbohydrate composition in lignocellu-
lose materials.
Binding of the CBMs to untreated wood sections
In order to assess the ability of the xylan-binding modules
to function as analytical probes, we used these proteins for
staining tissue samples derived from three wood species
known to differ in their content of xylan. A very high con-
tent of xylan-based carbohydrates is characteristic for Bet-
ula verrucosa (birch) wood [29,30]. Pinus sylvestris (pine)
wood contains approximately 20% of the xylan found in
birch wood [31,32], while wood derived from Populus
tremuloides (poplar) is intermediate [33-35]. Moreover
birch and poplar tension wood, but not pine wood, con-
tains fibres with a special morphology and chemical com-
position due to development of a gelatinous layer (G-
layer) [36,37]. The G-layer is known to have high cellulose
content with a high degree of crystallinity [34,38,39]. We
assume that the combination of almost pure cellulose in
the G-layer and hemicelluloses in S1, S2 and S3 layers
make tension wood an interesting model for assessment
of carbohydrate specific probes. We therefore assessed the
xylan-binding CBMs that displayed different xylan-bind-
ing properties, as outlined above in these models.
Fluorescent microscopy demonstrated substantial differ-
ences in staining patterns of birch, poplar and pine wood
sections with wt CBM4-2, X-2, X-6 and X-13 (Figure 3). All
CBMs showed binding in comparison to the control sam-
ples (Figure 3A – C), wt CBM4-2 and X-13 displaying the
most efficient wood labelling (Figure 3D – F; M – O).
Although less intense, more stable staining was character-
istic for X-2 staining experiments (Figure 3G – I), where
the same intensity of fluorescent signal was retained for at
least 72 hours giving this module an important advantage
as a specific binding probe in assay setups that demand
higher labelling stability. The observed (Figure 2, Table 1)
reduced affinity for xylan of some of the engineered mod-
ules, in particular X-13, obviously did not prevent their
use in these applications. The binding of lower affinity
CBMs is likely to be facilitated by high local concentration
of repetitive structures recognised by them in plant tis-
sues. Alternatively, the affinity of e.g. X-13 for some spe-
cific structures in xylan may be higher than that observed
when assessing the affinity for solubilized carbohydrates
allowing for its use in staining of plant materials.
In birch and poplar samples, wt CBM4-2 and X-6 bound
to the cell wall but predominantly to G-layers reported to
consist of almost pure cellulose (Figure 3D, F, J, L)
whereas X-2 and X-13 signals were detected within S1, S2
layers and middle lamellar regions (Figure 3G, I, M, O).
These differential staining patterns are best explained by
different affinity and probably more importantly specifi-
city profiles of the CBMs, as outlined above. Given the
inability of these modules to bind crystalline cellulose, it
is possible that wt CBM4-2 and X-6 CBMs labelled
xyloglucans within the G-layer, possibly in areas with
residual lignin [40]. To define in more detail the presence
of binding sites recognised by these xylan-binding CBMs,
it was observed that all CBMs, i.e. both those that are (wt
CBM4-2 and X-6) and those that are not (X-2 and X-13)
cross-reactive to other types of hemicellulose carbohy-
drates like xyloglucans, stained pine samples in areas of
Sequence differences between the five different modulesFig re 1
Sequence differences between the five different modules. Each protein is 165 amino acid residues long not counting 
the hexa-histidine tag, used in this investigation. Amino acids are represented by the standard one-letter code. Identities with 
the wt CBM4-2 sequence are shown by dots. Residue numbering is in accordance with Simpson et al. [25].Page 3 of 10
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and on the inner surface of cells in latewood (Figure 3E,
H, K and 3N). There is however no previous evidence for
the existence of xyloglucans in bordered pit chambers. It
has been shown previously using selective enzyme
removal and enzyme-antibody labelling that bordered pit
membranes in pine sapwood tracheids are composed of
non-lignified pectin and a cellulose-rich region in the cen-
tre of the pit called a torus, which is supported by a sur-
rounding margo that contains microfibrils of cellulose
[41,42]. The fact that modules that are quite specific for
xylose oligomers bind to these structures, suggests pres-
ence of at least rudimentary xylan in pine bordered pit
chambers.
Variation in binding patterns of the different CBM-vari-
ants to xylan embedded in the wood cell walls was also
observed in the study of McCartney et al. [18] where some
natural xylan-binding CBMs stained both primary and
secondary cell walls while some (including CBM4-2) only
stained secondary walls. Apart from the CBM's specificity
and the actual presence of particular xylan structures, lig-
and accessibility is also a determinant factor for specific
staining of plant materials using this type of modules. The
binding mechanism of many xylan-binding CBMs
involves sandwiching of the ligand, which then requires
access to both faces of the carbohydrate chain that may be
a limitation in lignocellulose materials. It is believed that
the X-2 module has evolved to use only one aromatic res-
idue for interaction with only one face of the xylan chain
[27]. These binding features of X-2 could facilitate its
binding to the embedded xylan chains and may explain
the very stable X-2 staining in the present study. Alto-
gether, the availability of following a molecular evolution
procedure of sets of CBMs with defined binding proper-
ties, some members of which are less cross-reactive in
comparison to naturally occurring CBMs [27], allow
assessment and profiling of carbohydrate composition of
plant cell walls and define differences observable between
various samples.
Binding of the CBMs to treated wood sections and pulp 
fibres
As outlined above, CBMs derived from the library built on
the CBM4-2 scaffold [28] can be used to investigate native
and normal wood tissues. Modification of such material
by different means may add additional information con-
cerning their construction. To exploit these possibilities,
we investigated the ability of X-2 to recognise xylan mole-
cules in birch and pine wood samples modified through
biotechnological processing.
Staining of delignified tissue samples (Figure 4I–L) with
FITC-conjugated X-2 resulted in much higher signals in
comparison to staining of mature (normal) birch and
pine tissues (Figure 4E – H). In normal pine sections, X-2
binding was mainly detected in border pit regions (early-
wood) and inner surface of cells (latewood) (Figure 4E, F)
Affinity electrophoresis of soluble CBM-variantsFigure 2
Affinity electrophoresis of soluble CBM-variants. Affinity electrophoresis performed in the absence of a ligand (A) or in 
the presence of 0.2% (w/v) oat spelt xylan (B), 0.1% (w/v) arabinoxylan (C), 0.05% (w/v) barley β-glucan (D), 0.1% (w/v) 
lichenan (E) or 0.05% (w/v) non-fucosylated xyloglucan (F). Samples included: lane 1, Kaleidoscope prestained standard; lane 2, 
wt CBM4-2; lane 3, X-2; lane 4, X-6; lane 5, X-13.
Table 1: Affinities of CBM-variants for birch wood xylanas 
determined by affinity electrophoresis
Protein KD (mg/ml) Relative affinity (%)
wt CBM4-2 0.12 100
X-2 0.22 52
X-6 0.07 157
X-13 1.00 12Page 4 of 10
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middle lamellae regions (Figure 4G, H). In contrast, sig-
nals from X-2 binding were evenly distributed over the
surfaces of delignified sections in both wood types (Figure
4I – L). This finding suggests, as expected, that removal of
lignin increases the access to the xylan binding sites. Stain-
ing of delignified samples by various CBMs may be bene-
ficially preformed to ensure the efficiency of the
delignification procedure and to exploit the access of spe-
cific carbohydrate epitopes prior to enzyme treatment
(high cost procedures) of wood materials. Similarly,
hemicellulose removal following a bleaching procedure
could be efficiently assessed in pulp fibres (Figure 5) fur-
ther expanding the area of useful applications of these
molecularly engineered modules.
Conclusion
In this study, we have demonstrated that molecularly
engineered CBMs based on the CBM4-2 scaffold can have
a wide range of applications in basic wood research. We
envisage that such engineered modules will provide the
research community with powerful new tools to comple-
ment existing detection reagents such as monoclonal anti-
bodies or natural CBMs. In addition to the xylan-specific
CBMs used in this work, we have also reported the suc-
cessful selection of CBM-variants from the same molecu-
lar library for their specificities towards other plant cell
Binding of CBMs to different wood sectionsF gure 3
Binding of CBMs to different wood sections. Binding of wt CBM4-2 (D-F), X-2 (G-I), X-6 (J-L) and X-13 (M-O) to birch, 
pine and poplar wood sections. Negative control staining of wood samples with mouse anti-His antibody and FITC-conjugated 
anti-mouse IgG is shown in (A-C). All modules bind to border pit chambers in earlywood and to the latewood lumen wall in 
pine (blue arrows). Pink arrows show staining of G-layers with wt CBM4-2 and X-6 in birch and poplar cell walls (D, F, J, L), a 
staining that was not observed with X-2 and X-13 (G, I, M, O; white arrowheads). Note all images are from transverse sections 
and images of pine sections include examples of both early- (above) and latewood (below). Scale bar = 50 μm.Page 5 of 10
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[28,43]. The use of engineered CBMs in future studies will
further expand the potential of these types of synthetic
probes for mapping of pulp fibre and wood sections. The
binding properties of these modules would also make
them useful in the analysis of technological processes
including those relevant for quality assessment of indus-
trial processes.
Methods
Production and purification of CBMs
Protein variants evolved from the scaffold of CBM4-2,
from the xylanase 10A of Rhodothermus marinus, were
selected in a previous study [28] for binding to birch
wood xylan or binding to a human IgG4 molecule. Three
CBM-variants from the selection towards xylan (X-2, X-6
and X-13), the wt CBM4-2 and a human IgG4-specific
module (G-4) that served as a non-carbohydrate binding
control for the scaffold, were used in this work. Genes
coding for the proteins with a C-terminal His6-tag had
previously been cloned in the pET-22b(+) vector (Nova-
gen, Madison, WI, USA) and then transformed in the
Escherichia coli strain BL21(DE3) (Novagen). These genes
were now expressed and the soluble CBMs were purified
using metal-ion-affinity chromatography as described ear-
lier [26,28].
FITC-labelling of CBMs
One of the xylan-specific CBMs, X-2, and the control
module G-4 were labelled with fluorochrome. This label-
ling is facilitated by the fact that these, as well as most
other variants selected from this combinatorial library,
carries only two primary amino groups, both of which are
located well away from the carbohydrate binding surface.
Binding of FITC-conjugated X-2 to wood samplesF gure 4
Binding of FITC-conjugated X-2 to wood samples. Pine and birch sections stained with either FITC-conjugated G-4 (A-
D) (negative control) or with FITC-conjugated X-2 (E-L). Sections were either untreated (A-H) or delignified (I-L) prior to 
staining. Pink arrows show signals in untreated samples. Note that A, C, E, G, I and K are from transverse sections and B, D, F, 
H, J and L are from longitudinal sections. Pine sections in A and E show both early- (to the left) and latewood (to the right). 
Scale bar = 50 μm.Page 6 of 10
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(DMF) to a concentration of 1 mg/ml. The purified CBMs,
stored in 20 mM NaH2PO4 (pH 7.5), were first diluted 1:1
in 0.2 M Na2CO3 (pH 9) and FITC was slowly added to
reach 10-fold molar excess relative to CBM. The reaction
mixture was gently stirred in a glass vial for 1 hour at room
temperature and then at 4°C overnight. NH4Cl was added
to a final concentration of 50 mM in order to inactivate
the un-reacted FITC molecules and stirring was continued
for 3 hours. CBM-FITC conjugates were separated from
FITC by using PD-10 desalting columns (Amersham Bio-
science, Uppsala, Sweden) and eluting with 20 mM
NaH2PO4 (pH 7.5). Several fractions were collected dur-
ing elution and those with the highest absorbance at 280
nm were pooled together. The actual labelling ratios 1.6
(X-2) and 0.6 (G-4) mol fluorochrome/mol protein were
Binding of FITC-conjugated X-2 to birch pulpF gure 5
Binding of FITC-conjugated X-2 to birch pulp. Control staining of fibres with FITC-conjugated G-4 is shown in A 
(unbleached birch pulp) and B (unbleached birch pulp, after hemicelluloses removal). Binding of X-2 to unbleached pulp fibres 
was mostly observed at the sites of fibre damage (C), whereas bleached birch pulp were more uniformly stained (E) like the 
wood sections in Figure 4. Removal of hemicelluloses from both pulp types reduced the fluorescent signal (D, F) proving the 
specificity of X-2 for xylan. It was possible to treat pulps until complete removal of xylan recognised by X-2 was obtained. Scale 
bars = 100 mm for A – D, 200 mm for E, F.Page 7 of 10
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absorbance at 280 nm and 495 nm and using the extinc-
tion coefficient 195 for FITC at 495 nm.
Affinity electrophoresis
Affinity electrophoresis was performed using the Bio-Rad
(Hercules, CA, USA) mini-gel system as previously
described [26]. Purified CBMs (3 μg per gel) were sepa-
rated at room temperature at 90 V on native gels, contain-
ing none or different concentrations of oat spelt xylan
(Sigma-Aldrich, St. Louis, MO, USA), birch wood xylan
(Roth, Karlsruhe, Germany), arabinoxylan (Megazyme,
Bray, Ireland), barley β-glucan (Megazyme), lichenan
(Sigma-Aldrich) and tamarind seed xyloglucan (Meg-
azyme). A kaleidoscope pre-stained standard (Bio-Rad)
was included in each gel and proteins were detected by
staining with Coomassie Brilliant blue or Simply Blue
Safe stain (Invitrogen, Paisley, UK). Affinity constants for
birch wood xylan were calculated according to the theory
of affinity electrophoresis as described by Takeo [44] after
performing a series of runs on gels with a ligand concen-
tration ranging from 0.2 to 2 g/l. The relative mobility of
a CBM-variant, r (in presence of ligand) and R (in absence
of ligand), versus BSA used as a negative, non-interacting
control were calculated from the migration distances, the
distances between the major protein band and the migra-
tion front of the gel. The -1/KD value was obtained as the
x-intercept of a straight line in a plot of 1/(R-r) versus 1/c
according to the relationship:
1/(R-r) = (1 + KD/c)/R
where c is the ligand concentration in the gel.
Preparation of plant materials
Serial wood sections (15 μm) from poplar (Populus tremu-
loides), birch (Betula verrucosa Ehrh.) and pine (Pinus sylves-
tris L.) were prepared using a Leitz microtome. Mild
delignification was in some cases performed on semi-thin
sections of pine and birch using a 1:1 (v/v) mixture of
H2O2 and concentrated acetic acid prior to labelling. Alter-
nate sections from the same wood specimens were used
for each labelling experiment.
Oxygen bleached and unbleached birch pulp fibres
(kindly provided by Eka Chemicals) both with and with-
out hemicellulose removal (Table 2) were used for bind-
ing experiments with CBM-FITC. Hemicellulose removal
was performed by treatment of pulp with 24% (w/v)
potassium hydrochloride at room temperature for 6 h
(shaking) followed by triple washing (20 min. each, shak-
ing). Thereafter pulps were treated with 17.5% sodium
hydrochloride (w/v) containing 4% (w/v) boric acid at
room temperature for overnight.
Binding of xylan-binding CBMs to wood sections and pulp 
fibres
Binding experiments on wood sections using all four
xylan-binding CBMs (wt CBM4-2, X-2, X-6 and X-13)
were performed as follows. An initial blocking step was
carried out, for preventing any non-specific binding of
CBMs, by incubating all samples in phosphate-buffered
saline (PBS) (pH 7.4) containing 5% (w/v) ovalbumin.
Wood samples (2 alternate sections per CBM-variant)
were then incubated in 500 μl of PBS containing 10 μM
CBM at room temperature for 6 h. Thereafter the samples
were washed twice with PBS (5 minutes each step) and
incubated with mouse Anti-His antibody (Amersham) at
4°C overnight. After washing three times with PBS (10
minutes each step), samples were treated with FITC-con-
jugated anti-mouse IgG (Sigma) diluted 1:500 in PBS for
1 h in room temperature. As negative control, wood sec-
tions were incubated with both antibodies.
In addition, wood sections, untreated or delignified, as
well as bleached or unbleached birch pulp fibres (a con-
stant dry weight of 2 mg) were incubated in 500 μl of PBS
containing 2 μM FITC-conjugated X-2 and G-4 for 4 h at
room temperature followed by washing in PBS. Since G-4,
a module selected from the same library as the xylan-
binding CBMs, had been shown unable to bind xylan and
other hemicelluloses [28], its FITC-labelled derivative
served as a negative control in these experiments.
In order to detect the bound CBM molecules (FITC-conju-
gated or by using labelled antibodies), the samples were
placed on object glasses mounted in Fluorsave (Calbio-
chem, CA, USA), covered by cover slips and examined by
fluorescent microscopy (Leica, Germany) using a standard
Table 2: Characteristics of the birch pulps used for the labelling experiments
Analyses Unbleached Standard ECF A-ECF-Bleached
Brightness [% ISO] 47.9 89.7 89.7
Viscosity [ml/g] 1085 977 969
Kappa Number 13.6 0.74 0.78
Total charge [mmol/kg] 132 67 63
Hemicellulose [% ] 27.65 26.3 26.5Page 8 of 10
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camera (Leica DC 300F, Microsystem) using a digital
imaging system for professional microscopy (Leica
Microsystem Ltd, 2001) with one exposure time (2 s) for
all samples in order to detect differences in signal inten-
sity.
Gene sequences
Sequences of protein modules used in this work are avail-
able from public databases as follows: CBM4-2: [Gen-
Bank:AAT06926], X-2: [GenBank:AAT06999], X-6:
[GenBank:AAT07002], X-13: [GenBank:AAT07003] and
G-4: [GenBank:AAT07011].
Abbreviations
CBM, carbohydrate binding module; FITC, fluorescein
isothiocyanate; PBS, phosphate-buffered saline; wt, wild
type
Competing interests
The author(s) declares that there are no competing inter-
ests.
Authors' contributions
LF carried out the bio-analytical study involving the fluo-
rescence microscopy and helped to draft the manuscript.
LCG carried out the characterisation of the previously
engineered proteins as well as FITC-labelling of the pro-
teins and helped to draft the manuscript. GD participated
in the coordination and design of the bio-analytical study
and helped to draft the manuscript. MO participated in
the coordination and design of the molecular engineering
and protein characterisation studies and helped to draft
the manuscript. All authors read and approved the final
manuscript.
Acknowledgements
We gratefully acknowledge the financial support from the Swedish 
Research Council, the Wallenberg Foundation (GD) and the Formas Func-
fiber Centre (LF, GD).
References
1. Daniel G, Duchesne I, Tokoh C, Bardage S: The surface and intra-
cellular nanostructure of wood fibres: Electron microscope
methods and observations.  In COST Action: Wood Fibre Cell Walls:
Methods to study their formation, structure and properties Edited by:
Schmit U, Ander P, Barnett JC, Emmons AMC, Jeromidis G, Saranpaå
P, Tschegg S. Uppsala: Swedish University of Agricultural Sciences;
2004:87-104. 
2. Fengel D, Wegener G: Wood: Chemistry, Ultrastructure, Reactions Ber-
lin: Walter de Gruyter; 1984. 
3. Sjöström E: Wood Chemistry: Fundamentals and applications San Diego:
Academic Press; 1993. 
4. Meier H: General chemistry of cell walls and distribution of
the chemical constituents across the walls.  In The formation of
wood in forest trees Edited by: Zimmermann MH. New York: Academic
Press; 1964:137-151. 
5. Mora F, Ruel K, Comtat J, Joseleau J-P: Aspects of native and rede-
posited xylans at the surface of cellulose microfibrils.  Holzfor-
schung 1986, 40:85-91.
6. Ruel K, Joseleau JP: Use of enzyme-gold complexes for the
ultrastructural localization of hemicelluloses in the plant cell
wall.  Histochemistry 1984, 81:573-580.
7. Vian B, Brillouet J, Satiat-Jeunemaitre B: Ultrastructural visualiza-
tion of xylans in cell walls of hardwood by means of xylanase-
gold complex.  Biol Cell 1983, 49:179-182.
8. Awano T, Tabake K, Fujita M, Daniel G: Deposition of glucoron-
oxylans in the secondary cell wall of Japanese beech as
observed using immuno FESEM.  Protoplasma 2000, 212:72-79.
9. Awano T, Takabe K, Fujita M: Xylan deposition on secondary
wall of Fagus crenata fiber.  Protoplasma 2002, 219:106-115.
10. McCartney L, Marcus SE, Knox JP: Monoclonal antibodies to
plant cell wall xylans and arabinoxylans.  J Histochem Cytochem
2005, 53:543-546.
11. Ding SY, Xu Q, Ali MK, Baker JO, Bayer EA, Barak Y, Lamed R, Sugi-
yama J, Rumbles G, Himmel ME: Versatile derivatives of carbohy-
drate-binding modules for imaging of complex
carbohydrates approaching the molecular level of resolu-
tion.  Biotechniques 2006, 41:435-436.
12. Knox JP: The use of antibodies to study the architecture and
developmental regulation of plant cell walls.  Int Rev Cytol 1997,
171:79-120.
13. Duchesne I, Takabe K, Daniel G: Ultrastructural localization of
glucomannans in kraft pulp fibres.  Holzforschung 2003, 57:62-68.
14. Willats WGT, Steele-King CG, McCartney L, Orfila C, Marcus SE,
Knox JP: Making and using antibody probes to study plant cell
walls.  Plant Physiol Biochem 2000, 38:27-36.
15. Daniel G, Filonova L, Kallas ÅM, Teeri TT: Morphological and
chemical characterisation of the G-layer in tension wood
fibres of Populus tremula and Betula verrucosa: Labelling with
cellulose-binding module CBM 1HjCel7A and fluorescence and
FE-SEM microscopy.  Holzforchung 2006, 60:618-624.
16. Filonova L, Kallas AM, Greffe L, Johansson G, Teeri TT, Daniel G:
Analysis of the surfaces of wood tissues and pulp fibers using
carbohydrate-binding modules specific for crystalline cellu-
lose and mannan.  Biomacromolecules 2007, 8:91-97.
17. Hildén L, Daniel G, Johansson G: Use of a fluorescence labelled,
carbohydrate-binding module from Phanerochaete chrys-
osporium Cel7D for studying wood cell wall ultrastructure.
Biotechnol Lett 2003, 25:553-558.
18. McCartney L, Blake AW, Flint J, Bolam DN, Boraston AB, Gilbert HJ,
Knox JP: Differential recognition of plant cell walls by micro-
bial xylan-specific carbohydrate-binding modules.  Proc Natl
Acad Sci USA 2006, 103:4765-4770.
19. McCartney L, Gilbert HJ, Bolam DN, Boraston AB, Knox JP: Glyco-
side hydrolase carbohydrate-binding modules as molecular
probes for the analysis of plant cell wall polymers.  Anal Bio-
chem 2004, 326:49-54.
20. Boraston AB, Bolam DN, Gilbert HJ, Davies GJ: Carbohydrate-
binding modules: fine-tuning polysaccharide recognition.  Bio-
chem J 2004, 382:769-781.
21. Boraston AB, Creagh AL, Alam MM, Kormos JM, Tomme P, Haynes
CA, Warren RA, Kilburn DG: Binding specificity and thermody-
namics of a family 9 carbohydrate-binding module from
Thermotoga maritima xylanase 10A.  Biochemistry 2001,
40:6240-6247.
22. Carrard G, Koivula A, Soderlund H, Beguin P: Cellulose-binding
domains promote hydrolysis of different sites on crystalline
cellulose.  Proc Natl Acad Sci USA 2000, 97:10342-10347.
23. Lehtiö J, Sugiyama J, Gustavsson M, Fransson L, Linder M, Teeri TT:
The binding specificity and affinity determinants of family 1
and family 3 cellulose binding modules.  Proc Natl Acad Sci USA
2003, 100:484-489.
24. McLean BW, Boraston AB, Brouwer D, Sanaie N, Fyfe CA, Warren
RA, Kilburn DG, Haynes CA: Carbohydrate-binding modules
recognize fine substructures of cellulose.  J Biol Chem 2002,
277:50245-50254.
25. Simpson PJ, Jamieson SJ, Abou-Hachem M, Karlsson EN, Gilbert HJ,
Holst O, Williamson MP: The solution structure of the CBM4-2
carbohydrate binding module from a thermostable Rhodo-
thermus marinus xylanase.  Biochemistry 2002, 41:5712-5719.
26. Abou Hachem M, Nordberg Karlsson E, Bartonek-Roxå E, Raghoth-
ama S, Simpson PJ, Gilbert HJ, Williamson MP, Holst O: Carbohy-
drate-binding modules from a thermostable Rhodothermus
marinus xylanase: cloning, expression and binding studies.
Biochem J 2000, 345:53-60.Page 9 of 10
(page number not for citation purposes)
BMC Plant Biology 2007, 7:54 http://www.biomedcentral.com/1471-2229/7/54Publish with BioMed Central   and  every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
27. Cicortas Gunnarsson L, Montanier C, Tunnicliffe RB, Williamson MP,
Gilbert HJ, Nordberg Karlsson E, Ohlin M: Novel xylan-binding
properties of an engineered family 4 carbohydrate-binding
module.  Biochem J  in press.
28. Cicortas Gunnarsson L, Nordberg Karlsson E, Albrekt AS, Andersson
M, Holst O, Ohlin M: A carbohydrate binding module as a
diversity-carrying scaffold.  Protein Eng Des Sel 2004, 17:213-221.
29. Meier H: The distribution of polysaccharides in wood fibers.  J
Polym Sci 1961, 51:11-18.
30. Solo ML: Mattalorest.  Aikakawsh 1965, 37:127.
31. Allsopp A, Misra P: The constitution of the cambium, the new
wood and the mature sapwood of the common ash, the com-
mon elm and the Scotch pine.  Biochem J 1940, 34:1078-1084.
32. Theliander H, Brelid H, Wigell A: Kinetics of the Dissolution of
Hemicellulose from Softwood under Alkaline Conditions.
The 2005 Annual Meeting Forest Products Division: Cincinnati, OH 2005):
[http://aiche.confex.com/aiche/2005/preliminaryprogram/
abstract_31394.htm].
33. Kaakinen SK, Kostiainen FEK, Saranpää P, Kubiske ME, Sober J, Kar-
nosky DF, Vapaavuori E: Stem wood properties of Populus
tremuloides, Betula papyrifera and Acer saccharum saplings
after three years of treatments to elevated carbon dioxide
and ozone.  Global Change Biol 2004, 10:1513-1525.
34. Pilate G, Chabbert B, Cathala B, Yoshinaga A, Leple JC, Laurans F,
Lapierre C, Ruel K: Lignification and tension wood.  C R Biol 2004,
327:889-901.
35. Timell TE: The chemical composition of wood.  Sven Papperstidn
1969, 72:173-181.
36. Onaka F: Studies on compression wood and tension wood.  Bul-
letin of the Wood Research Institute Kyoto University 1949, 1:1-88.
37. Saiki H, Ono K: Cell wall organization of gelatinous fibers in
tension wood.  Bulletin of the Kyoto University Forests 1971,
42:210-220.
38. Côté WAJ, Day AC, Timell TE: A contribution to the ultrastruc-
ture of tension wood fibers.  Wood Sci Technol 1969, 3:257-271.
39. Norberg PH, Meier H: Physical and chemical properties of the
gelatinous layer in tension wood fibre of aspen (Populus trem-
ula L.).  Holzforschung 1966, 20:174-178.
40. Joseleau J-P, Imai T, Kuroda K, Ruel K: Detection in situ and char-
acterization of lignin in the G-layer of tension wood fibres of
Populus deltoides.  Planta 2004, 219:338-345.
41. Daniel G, Singh A, Nilsson T: Ultrastructural and immunocyto-
chemical studies on the window and bordered pit mem-
branes of Pinus sylvestris L.  In Recent advances in wood anatomy
Edited by: Donaldson LA. New Zealand Forest Research Institute;
1996:373-384. 
42. Panshin AJ, Zeeuw C: Text book of wood technology New York:
McGraw Hill Book Company; 1980. 
43. Cicortas Gunnarsson L, Zhou Q, Montanier C, Karlsson EN, Brumer
H 3rd, Ohlin M: Engineered xyloglucan specificity in a carbohy-
drate-binding module.  Glycobiology 2006, 16:1171-1180.
44. Takeo K: Affinity electrophoresis: Principles and applications.
Electrophoresis 1984, 5:187-195.Page 10 of 10
(page number not for citation purposes)
